Higgs Excitation in Cold Atoms with Spin-orbit Coupling 
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We investigate the Higgs excitation in cold atoms induced by non-Abelian gauge potential. We 
demonstrate that when a non-Abelian gauge potential reduces to Abelian potential, only its Abelian 
part suits to construct spin-orbit coupling, and its non-Abelian part emerges as a Higgs excitation. 
The Higgs excitation induces the generation of mass of the non-Abelian gauge field, and it can affect 
the spin Hall currents which are emerged by the spin-orbit coupling. We also discuss the observation 
of these phenomena in real experiment. 
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Introduction. — Spin-orbit (SO) coupling, which is the 
interaction between the spin and the momentum of a 
particle, relates to many effects in condensed physics, es- 
pecially it is essential for realizing spin-Hall effect [l|, [|[ 
and topological insulators d, H| in solid systems. Re- 
cently, with realizing artificial gauge potentials the 
cold atom systems, which have been proven to be perfect 
quantum emulators @, Q , also can be allowed to simulate 
SO coupling |5-ITo|. This opens a new arena to explore 
various effects in cold atom systems (lll - flij . The key to 
simulate SO coupling in cold atom systems is the gen- 
eration of non-Abelian gauge potentials, which are syn- 
thesized from the interaction between the atoms and the 
lasers [f|. It is well known that the non-Abelian gauge 
potentials play a crucial role in understanding the fun- 
damental interactions in particle physics. In condensed 
physics, the non-Abelian gauge potentials also appear in 
learning the mechanisms of high T c superconductors (l5j 
and graphene [l6[ . Generally, the non-Abelian gauge po- 
tentials in solid systems are concerned with spin. It is no 
doubt that, to emerge SO coupling, the minimal symme- 
try of the gauge potentials is required to be SU(2). 

The generation mechanism of mass is one of the core 
issues for the whole physics, the richness of the world 
depends on the existence of mass particles. The mass 
generation mechanisms refer to the Higgs field. Vari- 
ous experiments have been designed to search the Higgs 
particle to confirm the Higgs field. Recently, the Large 
Hadron Collider (LHC) announced that they had found 
the suspected Higgs particle, and that may be the most 
breakthrough in particle physics in two decades [l?], EH ■ 
One of the advantage of introducing the Higgs field is 
that it can solve the mass generation mechanisms of the 
gauge field. Either through Higgs mechanism or through 
the symmetry reduction of gauge potential, the mass of 
gauge field can be obtained by the Higgs field. When 
referring to the reduction of SU(2) gauge potential, if 
the reduction dose not satisfy a translation condition, 
the mass of g au g e field will be generated by the Higgs 



excitation |19H23lj . which is induced by the Higgs field 
[24l [25| . Yet generally in particle physics, the meaning- 
ful reduction is to emerge a gauge charge, such as the 't 
Hooft monopole (2(|, which normally satisfies the trans- 
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FIG. 1. (Color online) (a) Atoms with A-level configuration 
interact with laser beams. | gi) and | (72) are the ground 
states, I e) is the excited state, fii and fi2 are the Rabi 
frequencies, A is a large detuning. The non-Abelian potential 
is arisen by two degenerate eigenstates which are induced by 
the large detunning. (b) The configuration of laser fields. 
The laser fields have the same wave numbers | k | = | k' |, 
there is an angle tp between them. Two inner laser fields 
(the blue arrows) are arranged to form Rabi frequency Sli = 
if2[exp(ik • r) + exp(ik' • r)] , other two lasers (the red arrows) 
are arranged to form 0,2 — ^-f2[exp(ik ■ r) — exp(ik' ■ r)]. 



lation condition and couples to gauge field only. In order 
to generate the mass of gauge field, a more broad charge 
should be taken into account. Therefore, the SO coupling 
is an option. In presence of SO coupling, the spin can be 
viewed as a charge which not only couples to the gauge 
field, but also to the orbit of the system. 

In this Letter, we will investigate the Higgs excita- 
tion, as the generation of mass of the gauge field, by 
constructing the SO coupling in a cold atom system with 
non-Abelian gauge potential. In cold atom systems, for 
their unprecedented controllability, the reduction of sym- 
metry would own its unique features. It is well known 
that the SO coupling appears in U(l) system, so to con- 
struct SO coupling, one should reduce the SU{2) gauge 
potential to U(l) potential. On the other hand, the spin 
can be viewed as a charge which not only couples to the 
gauge field but also to the orbit. Thus we can expect 
that through the reduction of SU{2) gauge potential, an 
excitation may appear in constructing of SO coupling, 
and the mass of the gauge field can be generated. We 
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FIG. 2. (Color online) The sphere surface of gauge potential 
_4o with SU(2) symmetry, (a) At the initial time t = 0, the 
base vectors of the gauge potential cr x (0), cr y (0) and cr z (0) 
point to certain directions. The direction vector (the red ar- 
row) a(x) points to A. (b) After a time t, the base vectors 
change to cr x (t), a y (t) and a z (t) directions. The direction 
vector u(x) changes along with the base vectors and points 
to B. If the path AB satisfies the equation of motion of spin, 
the SU(2) potential Ao will induce the appearance of SO cou- 
pling. If not, then excepting for SO coupling, the gauge co- 
variant potential B also appears. The potential B will induce 
the Higgs excitation. 

also discuss the signatures of these phenomena in real 
experiment. 

The spin-orbit coupling in non-Abelian gauge 
potential. — We consider a cold atom system with 
A-type level as shown in Fig. la. The lasers are 
arranged to couple two ground states | gi) and | g 2 ) 
to an excited state | e). The Rabi frequencies are 
taken as fli = ^Sl[exp(ik • r) + cxp(zk' • r)] and 
f^2 = 57^[cxp(ik • r) — cxp(ik' ■ r)], in which k and 
k' are the wave vectors of lasers, k' = e lv k, r is the 
position vector, 92 is the angle between the lasers as 
shown in Fig. lb. The total Rabi frequency is given by 

n = (\n 1 \ 2 + \n 2 \ 2 ) 1 / 2 . 

Defining the total wave vector Q = k + k' and the 
relative wave vector q = k — k', the Rabi frequencies 
can be redefined as fii = f2cos#cxp(i</>i) and tt 2 = 
tls'md exp(i(f) 2 ), in which the parameters are 9 = ^q • r, 
<pi = <p2 = 5Q • r. The Hamiltonian of the system reads 
H = Hk + Hj + Vtrap, in which = p 2 /2m is the kinetic 
energy, p is the momentum of single cold atom, m is the 
atomic mass, Vt rap is a trapping potential. The inter- 
acting Hamiltonian is given by Hj = 2A | e)(e | + | 
e)(gi I +Q 2 I e)(g 2 | +h.c), where A is the detuning. 

The eigenstates of the interacting Hamiltonian can be 
written as | xdi) — -sin 6 | g±) + cos6> | g 2 ) , | XD2) = 
cosS cosO I g\) + cos<5sin# | g 2 ) — sin^e" 1 ^ 1 | e), | X3) = 
sin<5cos# I gi) +s'm5s'm9 \ g 2 ) + cos<5e _I ^ >1 | e), where 
tan S = i[(A 2 +fi 2 ) 1/2 -A], the eigenvalues are E m = 0, 
S D2l3 = [AT(A 2 + fi 2 ) 1 / 2 ]. 

For large detuning, tan<5 << 1, the eigenvalue Ed 2 —> 
0, and the two lower internal eigenstates will give rise an 
effective SU(2) gauge potential A = ^qo- y + j5 2 Qa z . Re- 
defining this effective SU(2) gauge potential to a Lorentz 



scalar potential Ao = [7, A] + , where dimcnsionless pa- 
rameter 7 = p/p, [,]+ is an anti-commutator. Then ne- 
glecting the trapping potential and the constant terms, 
the effective Hamiltonian of the system can be written as 

H = H k + . gAo + V, (1) 

where = r/p is the kinetic energy, g = rj is 

an effective charge, rj = p/2m is a dimensionless 
strength factor referring to the non-relativistic approx- 
imation (assuming the light velocity c = 1). V = 
[j^S 2 (q 2 - (1 + 5 2 )Q 2 ) + 5%\a z = M Q a z is a scalar po- 
tential which originates from constructing of A. 

It is well known that the SO coupling turns up in a 
U(l) gauge potential, so in order to construct SO cou- 
pling, let's reduce the SU(2) gauge potential to U(l) 
symmetry Firstly, we denote the unit direction n = 
(n x , n y ,n z ) along the direction of magnetic field, and de- 
fine the internal SU(2) space direction vector as cr(x) — 
niO~i(t)i, x = (t, x), i = x,y, z, which means that we have 
chosen the same directions for the external and the inter- 
nal space. Then along the direction vector cr(x), Aq will 
decompose to two gauge potentials 0, H3 , which can be 
read as Ao = A + B. with 

A = (a(x) ■ Ao)o-(x) + [d a(x),a(x)], 
B=[a(x),W a(x)}, (2) 

where Vo = do + [Ao , ] represents the time component 
of covariant differentiation, [, ] denotes the commutator. 
According to differential geometry theorem [28| , when Ao 
reduces to U(l) potential, there should be V <r(a;) = 0. 
Therefore, if Ao is a U(l) potential, „4o = -4- We view 
A is the Abelian part of Ao, and the potential B is the 
non-Abelian part. 

Now let's discuss the physical meaning of the con- 
straint condition 

V a(x) = 0. (3) 

This condition actually is a translation condition. Taking 
the Planck constant H = 1, do = i dt corresponds to the 
Hamiltonian operator of the system. Then neglecting the 
scalar potential V and denoting the effective charge g = 
1, we obtain \o~(x),H] = \o~{x), Ao\, and the constraint 
condition equals to idta(x) = [u(x),H]. This equation 
just is the equation of motion of spin. Thus the constraint 
condition in fact corresponds to the equation of motion 
of spin, and the direction vector o~(x) corresponds to the 
spin operator of the system. Therefore, we find that the 
constraint condition is the relationship between the spin 
and the SU (2) gauge potential, as shown in Fig. 2. 

We conclude that, only when the non-Abelian gauge 
potential Ao satisfies the constraint condition Votx(a;) = 
0, .Ao can be used to generate the SO coupling. If the con- 
straint condition can not be satisfied, the gauge potential 
B in .Ao will can't be canceled. In this case, .Ao will not 
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FIG. 3. (Color online) (a) The trajectories of cold atoms con- 
tributed by the Higgs excitation. The red solid line and the 
blue dash line correspond to the velocities » = 3x 10 _3 /xm/s 
and v = 5 x 10 _3 /xm/s. It is shown that the contribu- 
tion includes two opposite trajectories, one along the r di- 
rection, the other is inverse, (b) The dispersion of cou- 
pling energy between the Higgs excitation and the atoms, 
eb = (ep + rj Mb)<Jz, in which p is the momentum of the 
single atom, Mb is the excited mass. The red solid line and 
the blue dash line correspond to the coupling strength pa- 
rameters e = 4m _1 x 1CP 2 and e — 6m _1 x 1CP 2 , m is the 
atomic mass. The unit of the energy eb is the recoil energy 
er — k 2 /(2m), k is the wave number of the lasers. Due to the 
presence of the excited mass Mb , the dispersion is not vanish 
at zero momentum. 



FIG. 4. (Color online) The relationship between the particle 
number TV and the trap frequency uj. ef is the Fermi energy. 
The red solid line and the green dash line correspond to the 
ratios between the excited mass Mb and a characteristic mass 
m* , Mb I'm* = 2.2 and Mb I'm* = 2.8 respectively, m* = 
q 2 /2m is a characteristic mass of the system, in which q is 
the relative momentum of the laser fields. 



covariant potential, it can own a mass term M B Tr[B ■ B]. 
By writing down the action of non-Abelian g^auge field, 
the mass reads M B = (l + (Q-p/2q-p) 2 <5 4 )-2M . Thus 
the effective Hamiltonian of the system can be expressed 
as 



suit to construct SO coupling, because if the equation of 
motion of spin is absent, the SO coupling is also absent 
in the system. Therefore, the equation Aq= A sets the 
SU (2) gauge potentials which are drawn up to construct 
SO coupling. 

We now catch up on the scalar potential V into the 
effective Hamiltonian to check whether Ao satisfies the 
constraint condition Vocr(a;) = or not. The constraint 
condition can be rewritten as Vocr(:c) = [a(x),H\ + 
[Ao, viz)]- On this occasion, because the scalar poten- 
tial is a non-Abelian potential, we find Vo<r(x) ^ 0. It 
indicates that the potential B will exist according to the 
Eq. (2). In this case, Ao does not suit to construct SO 
coupling, thus the SO coupling term of the cold atoms 
system should be read as Hso = gA, with its explicit 
expression 

H S = ^y + V(T z . (4) 

The coupling strength factors A and v arc A = — [Jq ■ 
p + ^fMQ-p/q-p)], f = i(-2(50p + 2- 2 <5 2 Q m p) + 
j^?5 2 (Q 2 — q 2 )p, in which the direction of a(x) is chosen 
to consist with the initial direction of Aq. The Eq. (4) is a 
generalized expression of SO coupling, it shows that other 
than only one component, all components of momentum 
can participate in the SO coupling. 

Higgs excitation in cold atom system. — Owning to the 
non-Abelian potential Ao can not satisfy the constraint 
condition, after constructing SO coupling, there will be 
a surplus term left in the Hamiltonian. This term can 
be expressed as Hk,B = gB, with B = —Q^5 3 £la y + 
[28 Q + ^<> 2 (Q 2 — q 2 )]a z . The potential 6 is a gauge 



H = H k + H so + H B , (5) 

with 

H B = H k , B + V 'M B a z . (6) 

It is clear that an excitation appears in the Eq. (6). 
Hk,B = gB describes the coupling between the kinetic 
energy of the excitation and the atoms. The scalar po- 
tential V = if ' M B a z in fact describes the coupling be- 
tween the mass of the excitation and the atoms, in which 
rf = (1 + (Q ■ p/2q ■ p) 2 <5 4 ) 5 is a dimcnsionless coupling 
factor. 

Let's discuss the origin of the excitation. As shown 
in Fig. 2, the original direction of the direction vector 
<j(x) presents SU(2) symmetry in the internal space, its 
direction can be chosen in freely. Nevertheless, when Ao 
is used to construct SO coupling, the direction of o~(x) 
is constrained to the constraint condition, and the initial 
symmetry is broken. Yet in general, the whole Ao can 
not used to construct SO coupling potential, so there is 
a trend to restore the initial symmetry. The potential 
B just plays as the excitation which excites to restore 
the initial symmetry. We treat this excitation as a Higgs 
excitation, in which <r(x) plays as the Higgs field p3.[25|. 
Due to the excitation, the mass of the gauge field „4o is 
generated. 

The trajectories of cold atoms contributed by the 
excitation can be obtained by the equation of motion 
r = — i[r, H B j. As shown in Fig. 3a, the contribution in- 
cludes two opposite trajectories. The Fig. 3b shows the 
dispersion of H B . The dispersion is linear, and the en- 
ergy is not vanish at zero momentum due to the presence 
of the excited mass. 
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Next, let's discuss the impact of the excitation to the 
cold atoms system. A two-dimensional harmonic poten- 
tial \mu) 2 (y 2 + z 2 ) is chosen to trap the cold atoms. 
The relationship between the particle number and the 
trap frequency under the impact of the excited mass can 
be obtained by solving the equation N = J drn(r, t = 
0, T = 0), in which N is the atomic number, n(r, t, T) = 
(2^p / ' dp[f+(p,r,t,T) + f_(p,r,t,T)] is the density of 
the cold atoms at the time t, T is the temperature, 



U, = f±(p,r,t,T) = [ e «ff±Cp.r,t)-ri + i] 



are the spin- 
l/k B T. The 



depending Fermi distributions with /3 
relationship is shown in Fig. 4. 

We now discuss the spin Hall currents of the system. 
To generate spin Hall current, the wave vectors of the 
lasers is chosen to k x = k' x = 0, the internal space rotates 
7r/2 around the x direction. In this case, the SO coupling 
reads Hso = Acr z . This term describes the spin Hall 
currents in which the spin polarizes to z direction and the 
currents move along y direction. The spin Hall currents 
can be expressed as 



(7) 



where j% = {j% ) is the single particle current. The spin 



current operator 



cr,,v. 



-i[y, H] is the 



velocity along y direction. The impact of the excitation 
to the spin Hall currents can be shown as Fig. 5a. It can 
be seen that the spin down current is suppressed by the 
increase of the excited mass, while the spin up is slightly 
grown. The evolution of the atomic density n(r,t) is 
shown in Fig. 5b. 

Experimental signatures of Higgs excitation. — Let's 
discuss the observation of the Higgs excitation by detect- 
ing the spin Hall currents. We can choose 6 'Li atoms for a 
A-type level system, the particle number is about 10 4 , the 
bias magnetic field is about 10G [X0j | . and a 2tt x 10 2 Hz 
harmonic potential is used to trap the atoms. The con- 
figuration of four laser fields is shown in Fig. lb. The 
wave number of the lasers can be taken as 2-7T x 1.0 (//m) -1 
[lOj . For a large detuning, the Rabi frequency and the 
detuning is required to satisfy f2 2 /A ~ l0 6 Hz. When 
the laser fields are turned on, a non-Abelian gauge po- 
tential is applied to the 6 Li atoms. By tuning the angle 
f between the lasers, different masses of excitation can 
be obtained. 

To detect the spin current, we firstly initialize the 
atoms in | 171) state. Then a Raman pulse is applied 
between the states | g\) and | g^) to transfer the atoms 
to spin up state | xdi)- The Rabi frequency of the Ra- 
man pulse is required to match the spatial variation of 
the I Xdi) state. Turning on the lasers, the cold atoms 
will experience the SO coupling, and couple to the exci- 
tation. After a time t, we turn off the lasers and transfer 
the atoms from | xdi) state back to the initial state | g\) 
by applied a reversal Raman pulse. In this case, by us- 
ing the time of flight measurement, we can determine the 
spin up current of the system. The measurement of the 
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FIG. 5. (Color online) (a) The relationship between the ex- 
cited mass Mb and the spin Hall currents J% r . The red (blue) 
solid line is correspondence to the spin up (down). The unit 



of J* 



x 10cm/ s. We choose Li atoms and the wave 



number of the lasers is 2-k x l.O(fim) , the particle number 
is about 10 4 . It can be seen that the spin down current is 
suppressed by the increase of the excited mass, while the spin 
up is slightly grown, (b) The evolution of the atomic density 
from the time t = 0ms to t = Ams and t = 9ms. The unit 
of y and z directions is /im. The temperature is taken as 
T = 0.4Tf, Tf is the Fermi temperature. The up and down 
figures correspond to the ratios Mg/m* = 2.2, 2.8. The red 
and blue parts in each figure denote the spin up and spin 
down currents. The figures show that the variation trends of 
spin currents are the same as Fig. 5a. 



spin down current (corresponding to the \_XD2) state ) 
also can be detected in the same manner [291 ]. 

Conclusion. — In summary, by constructing SO cou- 
pling from non-Abelian gauge potential, we have investi- 
gated the Higgs excitation, which leads to the generation 
of mass of the gauge field, in cold atom system. We 
argue that when a non-Abelian gauge potential reduces 
to Abelian potential, only its Abelian part suits to con- 
struct SO coupling, and its non-Abelian part emerges as 
a Higgs excitation. The excitation can possess mass, and 
it can affect the spin Hall currents. We also discuss how 
to observe the excitation through the detection of spin 
Hall currents in experiment. We expect that the emer- 
gence of the Higgs excitation in cold atoms can help to 
understand the generation mechanics of mass, which is 
interesting from the fundamental interaction theories to 
condensed matter physics. 
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